1. Introduction {#sec1-microorganisms-08-00452}
===============

Biofilms are a state of growth that enables bacterial cells to meet challenging environmental conditions. During the early stages of biofilm formation, an exuded extracellular matrix encases the cells, leading to a marked increase in persistence of viable cells \[[@B1-microorganisms-08-00452]\]. This extracellular matrix, the hallmark feature of biofilms, concentrates nutrients and is able to shield cells from environmental and host immune factors, such as desiccation and phagocytosis \[[@B2-microorganisms-08-00452]\]. Biofilm-forming phenotype is the default mode of growth for many organisms, improving opportunities for evading host defenses and establishing infection \[[@B2-microorganisms-08-00452]\]. In many other species, however, biofilms may enable transmission of infection between an infection reservoir and, ultimately, the host.

*Campylobacter jejuni* is an opportunistic pathogen widely considered to be the causative agent in the majority of cases of bacterial gastroenteritis. *C. jejuni* is a common commensal of food animals and poultry, chickens and turkeys in particular \[[@B3-microorganisms-08-00452]\]. *C. jejuni* is able to reach the human host through contaminated poultry products, contaminated water, unpasteurized milk, and food processing and preparation areas, infecting and colonizing the gastrointestinal tract and causing disease \[[@B3-microorganisms-08-00452],[@B4-microorganisms-08-00452]\]. *C. jejuni* is capable of producing biofilms, as seen in [Figure 1](#microorganisms-08-00452-f001){ref-type="fig"}, under a range of varying conditions \[[@B5-microorganisms-08-00452]\] and has been suggested to play a role in the environmental survival of *C. jejuni* in the transmission of infection as well as the emergence of antibiotic resistance \[[@B6-microorganisms-08-00452],[@B7-microorganisms-08-00452]\].

Investigation into the composition of *C. jejuni* biofilms is still limited, although evidence suggests that the components of the biofilm matrix are similar to those seen in other organisms. Proteins appear to make up much of the biofilm matrix in *C. jejuni* \[[@B8-microorganisms-08-00452]\]. Carbohydrates also comprise a significant portion of the *C. jejuni* biofilm matrix. Lectin probing shows that at least 24 glycoconjugates can be found in a *C. jejuni* biofilm matrix, with significant variation seen between the strains \[[@B9-microorganisms-08-00452]\]. Calcofluor white reactivity indicates that polysaccharides containing β1-3 or β1-4 linkages are produced during biofilm formation \[[@B10-microorganisms-08-00452]\]. Sensitivity to DNase treatment suggests that extracellular DNA (eDNA) is another important component of *C. jejuni* biofilms \[[@B11-microorganisms-08-00452]\]. In addition to playing a structural role in the biofilm matrix, eDNA appears integral to the formation of biofilms in *C. jejuni*. This is evidenced by increases in the amount of formed biomass following the addition of eDNA to *C. jejuni* cultures, and it may also be necessary for biofilm maturation \[[@B12-microorganisms-08-00452]\]. Furthermore, *C. jejuni* has been shown to down-regulate the activity of extracellular DNases in biofilm-forming strains \[[@B13-microorganisms-08-00452],[@B14-microorganisms-08-00452]\].

Whilst the study of *C. jejuni* biofilms is still a work in progress, building evidence suggests that biofilms play an important role in the viability and infectivity of *C. jejuni*. Herein, we aim to examine the factors involved in biofilm formation in *C. jejuni* and further discuss the role of biofilms in this organism.

2. Motility and Chemotaxis {#sec2-microorganisms-08-00452}
==========================

Motility is one of the more characterized elements involved in biofilm formation in *C. jejuni*. There are many examples suggesting that directed motility or chemotaxis and biofilm formation are processes that are correlated in *C. jejuni* \[[@B15-microorganisms-08-00452],[@B16-microorganisms-08-00452],[@B17-microorganisms-08-00452]\]. The chemotactic pathway of *C. jejuni* shares many features with that of *Escherichia coli*. Transducer-like proteins (Tlps) act as membrane-bound chemoreceptors, which contain a cytoplasmic signaling domain anchored in a series of Che proteins that ultimately direct the organism's motility \[[@B18-microorganisms-08-00452],[@B19-microorganisms-08-00452],[@B20-microorganisms-08-00452]\]. Upon ligand binding, Tlps change their conformation and regulate the phosphorylation cascade of Che proteins \[[@B21-microorganisms-08-00452]\]. A change in phosphorylated and dephosphorylated states of the Che proteins dictates the direction of the flagella rotation, causing the organism either to "run" in a particular direction or "tumble" to reorient and change direction \[[@B22-microorganisms-08-00452]\].

Aflagellated mutants of *C. jejuni* are not capable of forming biofilms, which was initially presumed to be due to the requirement for general motility of bacterial cells needed to access the surface \[[@B23-microorganisms-08-00452],[@B24-microorganisms-08-00452]\]. However, mutant strains with deletions of motility-associated proteins, such as the flagellar basal body or the CheA chemotactic protein, show an increased propensity to form biofilms \[[@B25-microorganisms-08-00452]\]. Similarly, mutations in membrane-bound and cytoplasmic Tlps, as well as other Che proteins, demonstrate this inverse relationship between motility and biofilm formation \[[@B19-microorganisms-08-00452],[@B26-microorganisms-08-00452],[@B27-microorganisms-08-00452]\]. *C. jejuni* strains that have lower motility also show a higher auto-agglutination propensity, a precursor of biofilm formation \[[@B28-microorganisms-08-00452]\]. This suggests that it may not be general motility that is required for biofilm formation but rather a flagella-mediated adherence. This can be further seen in changes to O-linked glycosylation of the flagellin proteins where mutant strains defective in flagellin glycosylation demonstrate a decrease in autoagglutination and a reduced biofilm formation potential whilst their motility appears unaffected \[[@B29-microorganisms-08-00452]\]. A number of regulatory genes impact both motility and biofilm formation, particularly regulators involved in community growth and quorum sensing \[[@B30-microorganisms-08-00452],[@B31-microorganisms-08-00452],[@B32-microorganisms-08-00452]\]. Interestingly, many of the motility-associated genes have also been shown to be critical to the infectivity of *C. jejuni*, which raises the possibility that there may be pathogenic and biofilm-forming states of this organism that are distinctly regulated.

3. Glycobiology {#sec3-microorganisms-08-00452}
===============

*C. jejuni* produces four main types of glycosylated compounds: lipooligosaccharides (LOS), N-linked and O-linked glycosylated proteins, and capsular polysaccharides. Each of these has been shown to influence the formation of biofilm in *C. jejuni*.

LOS are short-chain sugar residues anchored to the lipid A present in the outer membrane. They are extremely prone to variation and play a large role in mediating cellular interactions with a host or environment as well as contributing to the stability of the outer membrane \[[@B33-microorganisms-08-00452],[@B34-microorganisms-08-00452],[@B35-microorganisms-08-00452],[@B36-microorganisms-08-00452]\]. One particularly interesting finding is that *C. jejuni* strains that do not possess outer core moieties of LOS demonstrate a marked increase in biofilm formation \[[@B37-microorganisms-08-00452]\]. The loss of the outer core sugars leads to a decrease in membrane integrity and biofilm formation, which may act as a compensatory mechanism helping to stabilize the cell.

N-linked protein glycosylation is the primary method by which proteins are glycosylated in *C. jejuni* and is encoded by 16 *pgl* genes, which are responsible for the addition of a conserved heptasaccharide to over 40 cytosolic and membrane-bound proteins \[[@B38-microorganisms-08-00452]\]. Whilst this has been linked to the survivability of *C. jejuni* cells \[[@B39-microorganisms-08-00452]\], evidence emerged only recently that N-linked protein glycosylation plays a role in *C. jejuni* biofilm formation, in which a lack of protein glycosylation leads to an increase in formed biomass \[[@B40-microorganisms-08-00452]\]. Up-regulation of biofilm formation in mutant strains may serve a compensatory survival mechanism similar to that of strains lacking LOS outer chains.

In addition to N-linked glycosylation, *C. jejuni* also has an O-linked glycosylation system. To date, the only characterized targets for O-linked glycosylation in *C. jejuni* are flagellin proteins and a major outer membrane protein (MOMP) \[[@B41-microorganisms-08-00452],[@B42-microorganisms-08-00452]\]. MOMP and flagellin glycosylation are required for invasion into eukaryotic cells and autoagglutination as well as biofilm formation \[[@B42-microorganisms-08-00452],[@B43-microorganisms-08-00452]\]. O-linked glycosylation of flagellin proteins has also been linked to flagella-mediated adherence, and mutant strains show a marked reduction in the ability to form biofilms \[[@B29-microorganisms-08-00452]\].

*C. jejuni* possesses a phase-variable capsular polysaccharide initially thought to be alipopolysaccharide \[[@B44-microorganisms-08-00452]\]. The capsule is encoded by the cps gene cluster, which produces a glycopolymer that varies greatly in structure and is important in the serotype specificity of different strains \[[@B45-microorganisms-08-00452]\]. The capsule has been shown to play a large role in pathogenicity of *C. jejuni*, as mutant strains have a markedly reduced ability to adhere to and invade intestinal cells \[[@B46-microorganisms-08-00452]\]. Whilst capsules have been implicated in survival \[[@B47-microorganisms-08-00452]\], to date there is no evidence that a link exists between capsule production and biofilm formation in *C. jejuni*.

4. Metabolism and Environmental Factors {#sec4-microorganisms-08-00452}
=======================================

The environment in which *C. jejuni* finds itself plays an important role in triggering biofilm formation. Energy production capacities, oxygen saturation, metabolites, and nutrient availability serve as signals to shift *C. jejuni* from free-swimming planktonic forms to the biofilm state.

The ability to regulate intracellular phosphate levels has been shown to be important in biofilm formation. Inorganic polyphosphate accumulates in *C. jejuni* cells, providing a phosphate pool for downstream synthesis of other molecules. Strains defective in the polyphosphate kinase genes PPK1 and PPK2 are unable to synthesize inorganic polyphosphate and exhibit a diminished ability to infect the host and tolerate stress. As an unexpected consequence, mutant strains of both PPK1 and PPK2 exhibit a hyperbiofilm-forming phenotype \[[@B48-microorganisms-08-00452],[@B49-microorganisms-08-00452]\]. Similarly, mutants defective in alkaline phosphatase (PhosX) demonstrate a decrease in infectivity and survivability whilst also exhibiting an increase in biofilm formation \[[@B50-microorganisms-08-00452]\]. Therefore, it appears that up-regulation of biofilm may serve to protect cells when phosphate metabolism is impaired and energy production is affected.

Oxygen saturation may also be a key factor in biofilm formation where, under aerobic conditions, microaerophilic *C. jejuni* demonstrates a marked increase in the amount of biofilm formed, suggesting biofilm formation to be a mechanism by which *C. jejuni* withstands oxidative stress \[[@B24-microorganisms-08-00452],[@B51-microorganisms-08-00452]\]. In addition, the ability of *C. jejuni* cells to adhere to surfaces has been found to markedly increase under oxygenated conditions \[[@B52-microorganisms-08-00452]\], and biofilms formed under oxygenated environments appear to have higher biomass than those formed in microaerobic environments \[[@B53-microorganisms-08-00452],[@B54-microorganisms-08-00452]\]. Interestingly, *C. jejuni* mutant strains deficient in oxidative stress regulators alkyl hydroperoxide reductase (AhpC) and the *Campylobacter* oxidative stress regulator (CosR) have an increased ability to form biofilms \[[@B55-microorganisms-08-00452]\], leading to speculation that the accumulation of radical oxygen species may serve as a trigger to increase the level of formed biofilm in response to increased oxidative stress. This could suggest that biofilms are the preferred state in the aerobic conditions outside of the host.

The nutrients and metabolites present in the environment have also been shown to acutely affect biofilm formation in *C. jejuni*. Nutrient-deficient media has been found to be more conducive to biofilm formation, whilst high osmolarity has been found to be inhibitory \[[@B56-microorganisms-08-00452]\]. The presence of certain antibiotics increases biofilm formation in sensitive strains, and this effect is inversed in resistant strains \[[@B57-microorganisms-08-00452]\]. Interestingly, fucose is a rare glycan metabolite that appears to limit the biofilm formation in *C. jejuni* \[[@B17-microorganisms-08-00452]\]. Fucose is highly represented in mammalian intestinal mucins and, as such, may play a role in *C. jejuni* colonization and infection of the host \[[@B58-microorganisms-08-00452],[@B59-microorganisms-08-00452]\].

Studies also demonstrate that *C. jejuni* biofilms formed in a mixed-species setting contain a higher biomass than those formed by *C. jejuni* alone. These mixed-species biofilms predominately contain *Enterobacter*, *Escherichia*, *Klebsiella*, *Bacillus*, *Enterococcus*, *Micrococcus*, and, in particular, *Pseudomonas* species \[[@B60-microorganisms-08-00452],[@B61-microorganisms-08-00452]\]. The effect of metabolites and the environments which are conducive to biofilm formation further suggest that the biofilms of *C. jejuni* are an environmental survival mechanism and may be important in transmission and not in pathogenicity in a human host.

5. Quorum Sensing {#sec5-microorganisms-08-00452}
=================

Originally elucidated in quorum-sensing bioluminescence pathways in *Vibrio fischeri* \[[@B62-microorganisms-08-00452]\], autoinducer (AI) molecules play a central role in intercellular signaling. Furthermore, AI molecules have been implicated in the regulation of a wide range of virulence factors \[[@B63-microorganisms-08-00452],[@B64-microorganisms-08-00452],[@B65-microorganisms-08-00452]\] and the formation of biofilms in a number of bacterial species including *Pseudomonas aeruginosa*, *Vibrio cholerae*, and *Staphylococcus aureus* \[[@B66-microorganisms-08-00452],[@B67-microorganisms-08-00452],[@B68-microorganisms-08-00452]\].

The most intensely studied quorum-sensing system in *C. jejuni* is the one governed by autoinducer 2 (AI-2) signaling molecules encoded by the LuxS gene \[[@B69-microorganisms-08-00452]\]. LuxS mutants demonstrate vastly reduced biofilm formation. This can be reversed through the addition of cell-free supernatants containing AI molecules, highlighting the potential role for AI-2-mediated signaling in *C. jejuni* biofilm formation \[[@B56-microorganisms-08-00452]\]. This is suggested to be a result of the modulation of autoagglutination, and studies using inhibitors show that biofilm formation can be reduced through disruption of quorum-sensing activity in *C. jejuni* \[[@B15-microorganisms-08-00452],[@B70-microorganisms-08-00452]\]. LuxS (and interestingly, O-linked glycosylation of the flagellin) expression is also increased when *C. jejuni* is grown in the presence of chicken exudate, which may explain the increased biomass formed under these nutrient-rich conditions \[[@B71-microorganisms-08-00452]\]. A recent study highlighted the importance of LuxS-mediated quorum sensing, as mutants deficient in LuxS exhibit a wide range of phenotypic changes including decreased biofilm formation, which is also seen in wild-type strains treated with compounds that inhibit quorum sensing \[[@B32-microorganisms-08-00452]\]. This evidence suggests that there is a degree of coordination and regulation by individual *C. jejuni* cells during the establishment of a biofilm.

6. Stress Response Regulators {#sec6-microorganisms-08-00452}
=============================

Whilst a large number of seemingly disjointed factors influence biofilm formation in *C. jejuni*, there is evidence to suggest that biofilm formation is a regulated process.

The post-transcriptional regulator CsrA is an mRNA-binding regulator that has been shown to regulate the expression of a large number of target genes involved in virulence and metabolism \[[@B72-microorganisms-08-00452]\] and appears to directly impact the formation of biofilm in *C. jejuni* ([Figure 2](#microorganisms-08-00452-f002){ref-type="fig"}) \[[@B73-microorganisms-08-00452]\].

This is despite CsrA-mediated repression of the flagella protein FlaA, which plays a large role in adherence during the initial stages of biofilm formation, although expression of the CsrA-controlled flagella chaperoneFliW is still required \[[@B56-microorganisms-08-00452],[@B74-microorganisms-08-00452]\]. Interestingly, CsrA expression represses the ability for *C. jejuni* to invade human intestinal epithelial cells and is up-regulated during the stationary phase \[[@B72-microorganisms-08-00452],[@B73-microorganisms-08-00452]\]. This again strongly suggests that infection and biofilm formation are distinct states of the *C. jejuni* life cycle, potentially regulated, at least in part, by CsrA.

In contrast, the *Campylobacter* planktonic growth regulation (CprS) two-component regulatory system actively represses biofilm formation in *C. jejuni*, with mutant strains also exhibiting a decreased growth rate. CprS may also be important for invasion and pathogenicity, as strains lacking this regulator exhibit a hyperbiofilm phenotype less common in clinical isolates \[[@B75-microorganisms-08-00452]\]. During infection, biofilm formation is actively repressed by CprS, indicating that biofilms are unlikely to play a role in the infectivity or pathogenicity of *C. jejuni*, allowing to postulate that *C. jejuni* uses biofilms as a mechanism to reach the host and is actively down-regulated once the niche is found.

7. The Role of *C. jejuni* Biofilms {#sec7-microorganisms-08-00452}
===================================

The conditions required for biofilm formation in *C. jejuni* appear to be quite specific, and it has been suggested that they are merely an artefact of laboratory manipulation \[[@B76-microorganisms-08-00452]\]. This has called into question the relevance of biofilms to *C. jejuni* in the natural world, suggesting that the role of biofilms may be limited. Comparisons are frequently drawn to *P. aeruginosa*, which is considered the model organism for studies of biofilm phenotypes and formation. Whilst there are similarities between both species, there is a very basic difference in the role biofilms play in these two organisms. For example, many genes involved in biofilm formation in *P. aeruginosa* are co-regulated with those required for virulence and infectivity within hosts \[[@B77-microorganisms-08-00452]\]. This is in stark contrast to an organism such as *C. jejuni*, in which biofilms appear to only be utilized as a method of survival outside of human hosts. A large number of factors required for colonization and infection of human hosts have a detrimental effect on biofilm formation. Far from being coincidental, processes which are required for infectivity and pathogenicity are often inversely regulated with those required to form biofilms. Biofilms are also often triggered when pathogenicity determinants are impaired.

As seen in [Figure 3](#microorganisms-08-00452-f003){ref-type="fig"}, within an avian host, there is evidence to suggest that biofilms may be important. In the presence of chicken exudate, *C. jejuni* produces a substantial increase in the amount of formed biofilm as well as enhanced survivability in the presence of liver juices \[[@B78-microorganisms-08-00452],[@B79-microorganisms-08-00452]\]. Biofilm formation may play an important role in the intermediate steps between avian reservoirs and infection in humans. Evidence shows that many of the factors present in the environment can up-regulate biofilm formation in *C. jejuni* \[[@B45-microorganisms-08-00452],[@B49-microorganisms-08-00452]\]. There is also evidence to suggest that *C. jejuni* either forms biofilm in the chicken intestinal tract \[[@B78-microorganisms-08-00452],[@B79-microorganisms-08-00452]\] or adopts an adherent phenotype within avian hosts \[[@B80-microorganisms-08-00452]\]. This allows the organism to survive on food preparation surfaces and in food products, water reservoirs, and similar environments until the bacteria reach the human host, whereby biofilms are down-regulated and bacterial cells are able to proliferate and invade the epithelium of the intestine.

Unlike the biofilms formed by other pathogens, the conditions that trigger biofilm formation in *C. jejuni* do not appear to be correlated with factors required for virulence. *C. jejuni* biofilms may, instead, be required to protect the usually fragile and fastidious microaerophilic planktonic cells. It is critical to understand the vital role they are likely to play in the transmission of infection from animal reservoirs to humans.
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![A scanning electron micrograph of biofilm formed by *Campylobacter jejuni* strain 11168-O under 800× magnification. These biofilms exhibit the archetypal biofilm architecture with cells encased in an exuded extracellular matrix. *C. jejuni* has been shown to form biofilms under a variety of conditions and plays a large role in survival under harsh conditions.](microorganisms-08-00452-g001){#microorganisms-08-00452-f001}

![Processes upregulated and downregulated by CsrA. The global post-translational regulator CsrA has been shown to impact a wide range of survival factors in *C. jejuni* and may be an important regulator of biofilm formation.](microorganisms-08-00452-g002){#microorganisms-08-00452-f002}

![A scanning electron micrograph of *C. jejuni* biofilm formed by strain 11168-O in chicken caecum at 200× magnification. These biofilms were formed throughout the caecum and suggest that biofilms formed by *C. jejuni* affect survival in the avian intestinal tract.](microorganisms-08-00452-g003){#microorganisms-08-00452-f003}
